Several phenolic acidsscaffeic and gallic acid derivativesswere synthesized and screened for their potential antiproliferative and cytotoxic properties, in different human cancer cell lines: mammary gland and cervix adenocarcinomas and lymphoblastic leukemia. The selected phenols were structurally related, which allowed us to gather important information regarding the structure-activity relationships underlying the biological activity of such compounds. This is proposed to be due to a balance between the antioxidant and pro-oxidant properties of this kind of agent. Distinct effects were found for different cell lines, which points to a significant specificity of action of the drugs tested. It was verified, for the types of cancer investigated, that the trihydroxylated derivatives yielded better results than the dihydroxylated ones. Tests in noncancerous cells, human lung fibroblasts, were also undertaken, in view of determining the toxic side effects of the compounds studied.
Introduction
Recent interest in food phenolics from diet, mainly from fruits and vegetables, has increased, owing to their role as antioxidants and their implication in the prevention of pathologies such as cancer, 1,2 cardiovascular diseases, [3] [4] [5] [6] and inflammatory disorders. 7 Actually, this kind of compounds has been reported to display some relevant biological activities [8] [9] [10] such as antibacterial, antiviral, immune-stimulating and estrogenic effects, 9 and antiproliferative and cytotoxic properties in several tumor cells. 8, 11 The specific role of dietary or synthetic antioxidants in carcinogenesis has not been unequivocally elucidated. 12 The main mechanism proposed for this protective action against deleterious oxidative processes is related to the free radical scavenging activity of the compounds, 6 since reactive oxygen and nitrogen species are involved in several pathogenic processes. 7 Antioxidants have been thought to mainly suppress carcinogenesis during the initiation phase, since most act as radical scavengers, inducers, or inhibitors of xenobiotics metabolizing enzymes, including phase I and II enzymes. On the other hand, several antioxidants that can inhibit the initiation events have been found to be second-stage tumor promoters. 13 A possible, although insufficiently investigated, mechanism of polyphenol cytotoxicity may be related to their pro-oxidant properties, since the same polyphenols could behave as both antioxidant and pro-oxidant, depending on the concentration and free radical source. 14 The ability of phenols to protect cells from oxidative stress has been demonstrated, 9, 15 but these compounds show a wide and contradictory behavior, involving antitumor and pro-and antimutagenic activity, depending on the specific system and conditions investigated. The antiproliferative effects (through apoptosis) induced by the phenolic agents on several cancer cell lines, for instance, were explained in terms of topoisomerase 16 or phosphatidylinositol-3-kinase 11 inhibition, or even cell cycle arrest. 17 It is generally appreciated that the toxicity associated with some phenolic compounds is mediated by their oxidative activity, 18 which can accelerate oxidative damage in vitro, either to DNA or to proteins and carbohydrates. 19 Another possible, although insufficiently investigated, mechanism of phenol cytotoxicity may be associated with their pro-oxidant properties. 14 Depending on the structure, dose, target molecule, and environment, phenols may stimulate or inhibit the oxidative damage processes to biomolecules. 20 Indeed, it is believed that they can behave as either antioxidants or pro-oxidants 14, 21 and that the inhibitory potency displayed on the growth and proliferation of certain malignant cells in vitro is strongly dependent on their structural characteristics. 14, 22, 23 In the present study, several phenolic acid derivatives structurally related with the natural onessvarying in the number of OH ring substituents and in the length and/or degree of saturation of the carbon chain between the phenyl and the terminal carboxylate groups, which are known to exhibit antioxidant activity 19, 24, 25 swere tested for their cytotoxic and cell growth inhibition properties in different human cancer cells, i.e., leukemia and epithelial-like adherent lines. Once this antitumor activity is prone to be strongly dependent on the conformational behavior of the drugs, this work was meant as an interactive study, the structural characteristics of the compounds investigated being deter-mined through both vibrational spectroscopy and theoretical techniques and their synthesis being adapted according to the results of their cytotoxicity and antiproliferative evaluation. This follows a previous work, focusing on Pt(II) complexes of biogenic polyamines. 26 Hopefullysin combination with spectroscopic (Raman and FTIR) and theoretical (ab initio) studies performed simultaneously on the same systemssa better understanding, at the molecular level, of the structureactivity relationships ruling the biochemical processes underlying the antitumor effect of this kind of compound may be achieved, which is vital in order to design new anticancer agents, with a higher (and perhaps selective) effect, as well as an optimized therapeutic efficacy (e.g. in cell lines displaying resistance to the clinically used compounds).
Results and Discussion
All the results presented were obtained by three independent methods: cell density measurement (Trypan blue exclusion method) and cellular viability assessment (MTT and Alamar blue colorimetric assays).
Seven phenolic acid derivatives were studied ( Figure  1 ): four dihydroxylated ones (catechols), protocatechuic acid (3,4-dihydroxybenzoic acid, DHB), 3,4-dihydroxyphenylethanoic acid (DHPE), hydrocaffeic acid (3-(3,4-dihydroxyphenyl)propanoic acid, DHPP), trans-caffeic acid (trans-3-(3,4-dihydroxyphenyl)-2-propenoic acid, DHPPE), and the three analogous trihydroxylated compounds, gallic acid (3,4,5-trihydroxybenzoic acid, THB), 2-(3,4,5-trihydroxyphenyl)ethanoic acid (THPE) and 3-(3,4,5-trihydroxyphenyl)propanoic acid (THPP). These distinct phenols, to be assessed for their antitumor activity, differ mainly in the number of ring OH substituents and/or in the length and degree of saturation of the side chain between the ring and the terminal carboxylate group. To determine the effect of the conformational characteristics of this kind of compound in its cytotoxic and/or antiproliferative activity, the present study was developed. In fact, these structural differences were indeed found to lead to distinct values of cell density and/or viability in the presence of the agent tested, thus allowing the establishment of some structure-activity relationships ruling its biological function, as well as to ascertain the occurrence (or not) of specificity toward a particular type of cancer cell line.
The phenols under study were tested in three different human cancer cell lines: cervix (HeLa) and mammary gland (MDA-MB-231) adenocarcinomas and lymphoblastic leukemia (MOLT-3). It should be stressed that the chemotherapeutic drugs in clinical use show a significant disadvantage, which is related with its high toxicity toward healthy cells. To investigate the toxicological behavior of the compounds studied, experiments were carried out in nonneoplasic cells, fibroblasts from human embryonic lung tissue (L-132 cell line).
It was verified that an increase in the number of the OH ring substituents in the compounds investigated leads to higher antiproliferative and cytotoxic activities, in all the cell lines tested (Figures 2 and 3 ). This effect is particularly pronounced for the MDA-MB-231 line, for which the dihydroxylated phenolic acidssmainly DHPE and DHPPshardly showed any cytotoxic activity ( Figure 2 ). The effect of a change in the length of the substituent chain was found to be variable and strongly dependent on the cell line, both for di-and triphenols ( Figure 2 ). For trihydroxylated phenols, for instance, a regular increase of the cytotoxic effect was observed toward the leukemia line MOLT-3 as the chain length increased, as opposed to the other cells tested, either fibroblasts or cancer cells. Thus, an increase in the length of the carbon chain apparenty does not interfere with the effect of the number of OH substituents, which is clearly predominant. As to the effect of the degree of saturation of the carbon chain, it was observed, for all the cell lines tested, that the presence of a double bond is associated with an increase in cell viability as compared to the saturated compounds ( Figure 4 ). According to published results, 29 this may be partly due to the increased antioxidant ability of the unsaturated phenols, which seems to be associated with a protective effect of the cell integrity.
The results presently obtained evidence a selectivity of both the antiproliferative and cytotoxic activities of the phenolic acids studied against some of the cancer cell lines tested ( Figure 5 ), which will be presently discussed.
3,4-Dihydroxybenzoic Acid (DHB). DHB displayed a reversible antiproliferative effect toward all the cancer cells investigated, for a concentration equal to or higher than 50 µM, except for MDA-MB-231 ( Figure 5 ). In fact, this was found to be the only cell line tested for which DHB had an irreversible cell-growth inhibition activity, 3,4-Dihydroxyphenylethanoic Acid (DHPE). DHPE displayed a specific and almost irreversible antiproliferative and cytotoxic effects on MOLT-3 cells, with cell viability reduced to ca. 75% after 72 h of incubation (for concentrations equal to or higher than 50 µM). The viability of HeLa and MDA-MB-231 cells, in turn, is hardly affected by this phenolic acid ( Figure  2 ). However, the MDA-MB-231 line showed a clear decrease in cell density even after removal of this phenol ( Figure 5 ).
Hydrocaffeic Acid (DHPP). This phenolic acid was found to have an irreversible antiproliferative activity toward all the cell lines studied (including the L-132 fibroblasts) ( Figure 5 ), along with a rather modest cytotoxic effect ( Figure 2 ). This compound displayed a clear specificity against the adenocarcinoma lines tested, mainly toward HeLa, for which it induced a cell density decrease of 5 × 10 6 to 5 × 10 5 cell/mL, after 72 h of incubation ( Figure 5 ). With the exception of the fibroblasts, the cell-growth inhibition induced by DHPP continued to increase, even in the absence of the phenol ( Figure 5 ), which is a significant advantage for its possible use as an anticancer drug.
trans-Caffeic Acid (DHPPE). Caffeic acid (DH-PPE), a dihydroxylated phenol displaying an unsaturated carbon side chain, exhibited an antiproliferative effect against all the cell lines investigated (Figure 5 ), particularly toward HeLa (cell density is decreased ca. 10-fold by 72 h incubation with this agent, Figure 5 ) and, to a lesser extent, MDA-MB-231. However, a very low, quite reversible, cytotoxic activity was detected for concentrations between 50 and 100 µM (Figure 4) .
Gallic Acid (THB). THB showed both antiproliferative and cytotoxic activity against all the cancer cells investigated: cell viabilility decreased to 74%, 65%, and 50% for HeLa, MDA-MB-231, and MOLT-3, respectively, after 72 h of incubation with the phenol (Figures  2 and 5 ). This effect was found to be irreversible for both the MDA-MB-231 and MOLT-3 lines, cell viability being almost completely restored 72 h after drug removal for the HeLa and L-132 cells. THB showed itself to be a particularly effective anticancer agent toward the leukemia MOLT-3 cell line, which was found to be seriously, and irreversibly, damaged already after 48 h of drug exposure.
2-(3,4,5-Trihydroxyphenyl)ethanoic Acid (THPE). This compound was also found to display a quite high antiproliferative and cytotoxic effect against all cancer cells investigated: viability decreased to 50%, 80%, 60%, 47%, at 72 h of incubation, for L-132, HeLa, MDA-MB-231, and MOLT-3 lines, respectively (for a 100 µM concentration, Figure 2 ). This antitumor activity was shown to be particularly pronounced for the HeLa cells, as not only was it not reversed by drug removal but both the cell density and viability decreased even further with time, in the absence of phenol ( Figure 5 ). Its effect on the MDA-MB-231 line was also irreversible, as opposed to the leukemia MOLT-3 cells, which reflects a preference of this phenolic compound for adenocarcinoma-type lines.
3-(3,4,5-Trihydroxyphenyl)propanoic
Acid (THPP). The tryhydroxylated phenol THPP revealed a quite high antiproliferative and cytotoxic activity against both MDA-MB-231 and MOLT-3 cancer lines: viability decreased to ca. 55% and 45%, respectively, already after 48 h of incubation with the compound (Figure 2 ). This activity was clearly selective toward the MDA-MB-231 carcinoma (Figures 2 and 5) , the only cancer cells incubated with this phenol for which an irreversible effect was evaluated.
From the results presently obtained, one may conclude that the antiproliferative and cytotoxic effects of this kind of phenolic compounds are mainly ruled by their conformational preferences, which strongly determine their antioxidant and/or pro-oxidant activity. The latter plays a vital role in the mechanism through which the phenols exert their anticancer action and depends on the number of ring substituent hydroxyl groups, as well as (to a smaller extent) on the length and degree of saturation of the carbon chain within the molecule. In fact, this kind of phenolic acid appears to be highly reactive inside the cell, 30 and an accurate evaluation of the exact amount of agent necessary to reach a certain tissue, enter the cell wall, and perform an effective tumor inhibitory function (without affecting significantly the normal cell function) will require further study.
From the cell viability plots and dose-response curvesscell density and/or viability variation as a function of both the incubation time and drug concentration obtained for the distinct phenols and cell lines studiedsit is possible to draw the following conclusions on the potential anticancer properties of those phenolic acids: (i) The number of OH ring substituents seems to be the most determinant factor; triphenols were found to be more effective than diphenols for all types of cancer lines investigated (Figures 2, 3 , and 5).
(ii) The length of the carbon chain between the aromatic ring and the terminal carboxylic group affects the anticancer activity differently according to each phenolic acid and each particular cell line, the response strongly suggesting a specificity of action toward certain cancer types ( Figure  5 ). (iii) The presence of a double bond in the carbon chain, a structural feature that remains controversial in its relation to the antioxidant activity, 31 was not found to behave accordingly in all cell lines tested along this work. Actually, by comparing the antitumor effect of compounds DHPP and DHPPE, the increase in viability (Figure 4 ) (and, in most cases, in cell density, Figure 5 ) due to the presence of this double bond (in DHPPE) is clearly evidenced. (iv) Some of the phenolic acids studied were found to display a protective effect toward certain cell lines, either cancerous or healthy ones, i.e., THPP toward HeLa (Figure 2 ), and DHPPE toward L-132 ( Figure 4 ). (v) The experiments performed in noncancerous cells allowed us to conclude that, in general, these kinds of compounds do not display a significant toxicity toward healthy cells, as their effect, both on cell density and viability, was found, in most cases, to be highly reversible. The cytotoxic and growth-inhibition effect of the phenols tested (particularly THPP) on the mammary gland adenocarcinoma MDA-MB-231 line was determined to be significant and in most cases irreversible. Also, from the three different cancer cells investigated, the leukemia MOLT-3 line was shown to be the most sensitive line to the natural and synthetic phenolic acids presently studied (mainly to THB).
Summary and Conclusions
The time-and dose-dependent antiproliferative and cytotoxic effects of distinct di-and trihydroxylated phenolic acidssDHB, DHPE, DHPP, DHPPE, THB, THPE, and THPPsagainst the human adenocarcinoma and leukemia cell lines HeLa, MDA-MB-231, and MOLT-3 was assessed, as was their toxicity toward healthy cells (L-132 human fibroblasts). The results obtained allowed us to ascertain some important structure-activity relationships ruling the antitumor activity of such compounds, which is determined by their antioxidant and/or pro-oxidant properties (depending on their concentration and on the surrounding conditions).
Trihydroxylated derivatives were found to display a greater cytotoxicity, as well as antiproliferative effect, as compared to the dihydroxylated ones. Preliminary studies on the radical scavenging activity of dihydroxyand trihydroxyphenolic acids show that the later ones reveal remarkably higher activities. [31] [32] [33] On the other hand, the presence of a double bond in the side chains was found to lead to an increase of those activities. The length and degree of saturation of that pendant arm, however, does not induce a typical profile, the response being strongly dependent on the cell type.
Some of the phenols studied along this work revealed themselves as quite efficient antiproliferative and cytotoxic agents against some types of human cancer cells, namely, DHPP, DHPPE, and THPE toward HeLa cervix adenocarcinoma; THPP against MDA-MB-231 breast cancer; and THB on MOLT-3 leukemia line. These compounds did not reveal a significant toxicity toward healthy cells, as their antiproliferative and/or cytotoxic effect toward these, when present, were completely reversed upon drug removal.
From the results gathered it is possible to conclude that the antitumor activity of these compounds is highly dependent upon their conformational characteristics, which, in turn, determine their antioxidant/pro-oxidant properties. Consequently, the design of new, more effective anticancer drugs should be ruled by these crucial factors, as slight changes in either the number of ring OH substituents or the length and degree of saturation of the carbon chain between the ring and the carboxylate group are enough to significantly modify the in vitro antiproliferative and cytotoxic properties of phenolic acids. Furthermore, cell line specificity and low toxicity toward noncancerous cells are also goals to be hopefully achieved in the near future. Physical Measurements. Synthesized compounds were identified by FTIR, UV, NMR, and EI-MS. Infrared spectra were recorded on an ATI Mattson Genesis Series FTIR spectrometer, using potassium bromide disks. Only the most significant absorption bands are reported (υ max., cm -1 ). 1 H and 13 C NMR data were acquired, at room temperature, on a Brü ker AMX 300 spectrometer, operating at 300.13 and 75.47 MHz, respectively. Dimethyl sulfoxide-d6 was used as a solvent; chemical shifts are expressed in δ (ppm) values relative to tetramethylsilane (TMS) as internal reference; coupling constants (J) are given in hertz. Assignments were also made from DEPT (distortionless enhancement by polarization transfer) (underlined values). Electron impact mass spectra (EI-MS) were carried out on a VG AutoSpec instrument; the data are reported as m/z (% of relative intensity of the most important fragments). Melting points were obtained on a Köfler microscope (Reichert Thermovar) and are uncorrected. Thin-layer chromatography (TLC) was carried out on precoated silica gel 60 F254 with the layer thickness of 0.2 mm.
Experimental Section

Synthesis. 2-(3,4,5-Trihydroxyphenyl)ethanoic Acid (THPE).
A solution of 2-(3,4,5-trimethoxyphenyl)ethanoic acid (3.0 g) and acetic acid (8 mL) in concentrated hydrobromic acid (10 mL) was refluxed for 15 h until the starting material was no longer detected by TLC. A saturated solution of sodium sulfate (25 mL) was added to the reaction mixture and then extracted with diethyl ether. The organic layers were combined, washed twice with water, and dried over anhydrous magnesium sulfate, and the solvent was evaporated under reduced pressure. The crude product was purified on silica gel column using diethyl ether/petroleum benzine. The acid was recrystallized from acetone/chloroform to yield 31% of light pink crystals; The following systems were used for analytical control: silica gel, petroleum benzine/diethyl ether/formic acid (5:5:0.1); silica gel, chloroform/methanol/formic acid (9:1:0.5). Biological Assays. Cell Culture. Stock cultures of cells were maintained at 37°C, under 5% CO2. HeLa, MDA-MB-231, and L-132 (grown in monolayers) were kept in Dulbecco's modified Eagle's high glucose (4500 mg/L) medium (DMEM-HG), supplemented with 10% heat-inactivated fetal calf serum, glutamine (1.168 g/L), and antibiotics (100 units of penicillin and 100 mg of streptomycin). MOLT-3 was cultured as a suspension in Roswell Park Memorial Institute medium (RPMI-1640), containing 25 mM HEPES and 25 mM sodium bicarbonate, supplemented with 10% heat-inactivated fetal calf serum, glutamine (0.3 g/L), and antibiotics (100 units of penicillin and 100 mg of streptomycin). The cell lines were subcultured twice a week. All cells were harvested using a dissociation medium composed of 136.9 × 10 -3 M NaCl, 2.7 × 10 -3 M KCl, 8.2 × 10 -3 M Na2HPO4, 1.5 × 10 -3 M KH2PO4, 4.0 × 10 -4 M EDTA (ethylenediaminetetraacetic acid, disodium salt, dihydrate) (pH 7.4) and containing 0.0004% (w/v) phenol red. Toxicity and Cell Growth Inhibition Evaluation. Cytotoxicity and cell density evaluation after drug exposure, for drug concentrations between 5 and 100 µM, was assessed with use of standard assays. Cells were plated at 5 × 10 6 cells/mL on 12-well dishes. Twenty-four hours after seeding, drug solutions were added to the medium and the cultures were incubated at 37°C. Cells were harvested and analyzed (both in controls and in drug-treated cultures) every 24 h, for a total period of 3-5 days (depending on the cell line and the compound used). Reversibility of the drug effect was tested by removing the drug and adding fresh culture medium in the last day of incubation with the drug and assessing the cell viability following three more days of incubation. Cell density and viability were determined by Trypan blue exclusion on single-cell suspensions obtained from the monolayer cultures. Cell viability was further assessed by both mitochondrial dehydrogenase activity (MTT assay [34] [35] [36] [37] ) and the Alamar blue colorimetric test. 38, 39 Measurements were carried out each 24 h and the results expressed as a percentage of the control (nontreated) cells, which was always taken as 100%. All experiments were performed in triplicate.
The 50% inhibitory concentration (IC 50, concentration of drug required to inhibit cell growth by 50%) was calculated, for each drug tested, from dose-response curves (for an incubation period of 72 h).
Statistical Analysis. All experiments were performed in triplicate. The results are expressed as mean values ( SD (the corresponding error bars being displayed in the graphical plots). Statistical analysis was performed using ANOVA, followed by post hoc test of Fisher's protected least significant difference. Statistical comparison between the data was based on the Pearson correlation coefficient, values less than 0.05 being considered as significant.
